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■ ■ /TUR'BUJjBN^^^^^^ .A5ID HECiJAJII S;i . OF ^HESi STANCE" 
- • • ■ ■ \ ON. SPHERES AND* CYLINDERS*.^.' ' . : 
By' Fr. AhlTDorn 



AV ■ Turtulence in Pipes, around Ob s.1kac.l es , and.. 

thrpTfgli' Screens .. ■ . 

Turttilence is generally expressed as a ha^>liazard , ir- 
regulc^.r maze of eddying . motions . who se...snap-.e.. direction,- ■ 
and intensity are variable arid indefinite. Now, it is 
'generally conceded* that .all. flows of water and air are .- '. 
tiafb-alent , with the" exception, of . Poi seuille ' s laminary or 
parallel flow in pipe s ... But . even . thi s. become s turbulent- 
as" soon as a certain . cri ticai\yelocity, dependent -upon, the 
test conditions^ .has . been ,reac;aed. ; Our .photographic raeljh- 
ods hav(3 rnaoLe 'the' tur now accessible to visual ob- 

serv8.nce. Tlie' turbulence in .pipes, consists, of aaanular •• 
vortices who^^ rotation in th^.'axis of the .pipes is toward 
the exit. The vortices lie irregularly in normal or ob- 
lique transverse planes" and can be connected to one anoth- 
er by branching;. In the eccentric cyclic motions the axes 
of rotation: are near the wg^Hs, which are shrouded by a 
fine, consistently laminar . Voundar.y la.yer. The rows . of 
the vortices are iii . sections ^ are wholly o.nveloped . by con- 
jointed circulations.,, and form gyromas, compound eddies- of 
different, degrees wherei'n Vhey can rotate around each 
other* • - ■ 

The turbulence o.f flow around obstacles, and, in .gen- 
*eral, the dynamic turbulence of free flows set up by con- 
tact' with solid.br fluid boundaries, evinces, the. same es- 
sential characteristics. This, o.f course, .do.es not in- 
clude the thermal- turbulence , the turbulence- , of thermal . . 
convection, which is., of differen.t type and out-side the • 
scope of this, paper. 



*"Turbulenz und .Hechani smus de s Wider standes • ah Xugein 
und Zylindern." Zeitschrift fur Technische Physik, Vol. 
12, iTo. 10, 1931, pp. 483-491. . 
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The turbulence, of' straighteners- in wind tunnels is 
of particular interest. The wind artificially produced 
"by a fan contains strong, irregular vorticities which, 
when passi ng - throu-gh. . the- straight eners., ^are lai;^ely re- 
moved, leaving hehind the metal screen a much finer, reg- 
ular, evenly distri-huted -screen turl).ulence . 

The structure of such, tiarrpulence. may "be seen in Fig- 
ure 1. It is the flow through a screen of parallel metal 
strips 10 cm wide set .2 cm apart. Whereas the camera is 
stationary, .the ^scre-en moves, traversing during the l/5 
second time of exposure the distance shown "by a light re- 
flection as a fine white line next. .to- the rear ends of the 
plates. The flanks of the plates are covered by a chain 
of fine vortices which at 6-10 cm back of the plate con- 
verge into larger vortices under violent motions end* are 
similar in shape and position to "Karman's vortex street," 
Some distance away from, the screen the rows break, up, the- 
vortices of the .individual, street s diverge and make room 
for the. advancing suction flow, which soon joins up with 
the adjacent streets in a -labyrinthine ma,2e of partial 
flows. - The form of. this transition is illustrated in Fig- 
ure. 2»' The inflow denotes the loss in velocity which an 
originally parallel streamline flow incurs in each point 
by passing through the field. One of those turbulent rel-. 
ative movements .is. given in Figure 3.* 

To visualize the effect of a plate screen on a turbu- 
-lent flow we utilized the coarse turbulence of a wide- 
meshed bar screen as shown in Figure 4, This screen was 
movinted some distance ahead of the plate screen- .and both • 
moved through, the quiescent fluid. The . st at i onary earner a 
recorded the picture. (Fig* -5.) The vortices visible at 
the tipper margin of the photograph- are split up when pass- 
ing through the plate screen s.nd partially destroyed,, 
while at the same time interrupting the fine, uniform for- 
mation of^ the vortex streets and leaving a maze of vorti- 
ces and vortex groups behind which are. enclosed by joint, 
circulation's; the motions are predominantly forward, - but ■ 
also in- any other . direction with fluid almost at rest in 
betv/een. Even, such a narrow pl?,te screen is unable to 
change a turbulent into a uniform parallel flow; .it merely 
refines the turbulence, the vortices, turning partly to. 
the right and partly to the left, approximately equal in 
size •. the . spacing of the ' screen plates,' but otherwise are" 
irregular in every' respect ..' 
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The tuirhulence 'cannot be equalized except by -viscos- 
ity and will therefore persist' for some- time after pass-, 
ing through the screen' so long'^b^s-* thfe'~ width of the .screen 
is as large as that for our models. 

The straightener s in wind tunnels usually -.consi st of 
square ceils of 10 cm zinc strip. Consequeii1>-ly-, the vor- 
tices .set' up on the walls inside of the cells gyrate part- 
ly around 've'rtical , and partly about horizontal 'axes which 
are cyclically connected to each other. Th,e double lay- 
ers of the. opposingly directed vortices impress the same 
cell-like • structure on the air* stream as the. straightener , 
and the 'orbital fluid columns of the vortices investing, 
each cell space in close sequence, form" a kind of skeleton 
in the strea.m which offers a certain' resistance against i 
deformation by outside for'ces. 

. - * ' 

3. Turbulence and Resistance on Spheres 

According to a statement of' -Biff eL the translato- 
ry velocities measured by. Pitot tub-es-i-ri the cross sec- • 
tion of the wind tunnel evince an ave*r-age variation of 
around 0.5" to 1.1 per cent, whereas without, straightener, 
the resistance ca-nnot be measured at all. because of the 
turbulence. As a result it was to be assumed that the 
turbulence, left in the stream, 'would iisve no marked bear- 
ing on the resistance. 

But subsequent measurements on spheres carried out at 
Gottingen and Paris disclosed the surprising fact that un- 
der certain conditions even a very inferior turbulence can 
reduce. the resistance considerably, in direct contrast to 
what would be expected from many other experiences. 

Professor L. P.r.andtl* has published a very comprehen- 
sive' paper on this'* subj ect-, from which we quote:'.* 

According to the well-known resistance formula 
W = k P F v2 the coefficient k for spheres was defined 
in Gottingen at k = 0.22 a^:;ainst Eiffel's 0.088. A 
subsequent check in Paris revealed that k = 0.22 occurs 
at'- iow velocities and then drops in a transition zone e.t 
' increasing velocity to this small figure'. Eiffel also 
emphasized -that- both figures .for k pertain to different 

*L. Prandtl, The Resistance of Spheres. Gottinger Nach- 
richten 1914, p. 177. 
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forms of flow.. The discrepancy in the test data was ,ex- 
plained.by the^dif f erenco in velocity, which in the Got-, 
tingen tunnel was from 4 to 8 m/s against Eiffel's 30 m/s, 

. Prandtl . then installed a jet between straightener 
and, test station which rais.ed the velocity to 23 m/s and 
made the . flow • very uniform and nonvortical. How a repe- 
tition of the'tests likewise di sclo sed the marked drpp ik 
k hut . $it. decidedly higher velocities and values of Hey-;* 
nold^s Humhers^ / ; * . 

According to., the Reynolds law of - similitude for flu- 
ids . of constant v6l:ame, the flow on geometrically similar 
bodies is also geometrically and dynamically similar if 
they occur at equal values of E.* Thus thie resistance 
meiasurement s on spheres did'not agree with the law of di- 
mensions and made the extrapolation of the wind tunnel 
data appear questionable. . . 

Now Reynolds himself postulates that in pipes the 
transition from laminar to turbulent flow attitude does 
set in at a predetermined figure, E 2000, but at a much 
lower figure if the flow already contained previously eX- 
i.sting vortices. From this one may assume that the di- 
vergence of the resistance of spheres from the law is 
traceable to some effect of turbulence. 

In the Eiffel tunnel the flow had' to be turbulent be- 
cause the test station was directly behind the straight- 
ener. So the previously uniform fl.ow in the Gottingen 
tunnel, was also made. turbulent by means of a screen made 
from 1. mm binding twine in.to a 5 . cm mesh screen which w?.s 
mounted close in front .of the sphere.. The result was a 
drop of more than half, the resistance, in the erstwhile 
transi'tion zone and a drop in k at practically the same 
values of Reynolds Numbers as in.Eiffel's testsi 

This proved experimentally that the cause of the re- 
duced resistance lay in the turbulence set up by the 
straightener, which .was lowered considerably when install- 
ing the nozzle and raised again by .the screen made of 
.binding twine,. 

♦The E numbers ,re suit from R = ^-ijj^, where v = flow 
velocity, d = dimension of object and v = kinematic vis- 
cosity ==.y^', |jL = viscosity, P = fluid density. 
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.The significance .of ■ the*: m0Ghd.3iie'al relationship be- 
tween turbulence and resistance vnow 'came into'the fore- 
ground. The smoke photographs revealed for the large and 
small value of k the forms reproduced in Fi {^ur e s 5 A 
a,nd 6 3» For high resistance, case^ A, the turbulent body- 
behind the. sphere with its wavering ifront edge c extend- 
ed about 5-8^. forward beyond the equator, whereas in case- 
B, the separating. i3^ne was 10-.25.^- to the rear.. The mar.e. . 
intimate bond of,, the. flow around, the sphere and the dimi-.- 
nution o.f the eddyl.ng body bound up with-it-, is .therefore- 
an effect of the. flow tur.bulence, although this itself 
was not discernible in . the;, .smoke Consequen'tiy., the test- 
failed to discl,ose the manner in which the turbulence sets 
up the profound upheaval in the entire flow pattern. 

Prandtl attempted -.to solve thi s problem by theoreti- 
cal considera.ti ons. The sudden change in the flow and in 
the resistance of the sphere occurs at Reynolds Number 

R = 13:G,'O00. • The Reynolds NuEioer' .den.0:te s the ratio* 

of -the in-ert'ia to the frictional forces .of the fluid. 
Now it seems' startling' that a reversal of. the flow induced 
by the reciprocal effect of friction and .inertia does not 
set in until at such a high number of this ratio, partic- 
ularly/ since the friction appears to play, an altogether 
subordinate role. On the other hand, this ratio is" valid 
for the free fluid only, not for the thin boundary layer 
in which the velocity of the free flow drops to zero on 
the surface of the body. Friction and inertia are here 
of the same order of magnitude arid "one is justified to a 
certain extent in assuming that the star ting • point of the 
^3udden resiste.nce chavnge is to be expected here." 

This assumption established the connection with the' 
boundary layer theory. 3ut' hpw could the screen turbu-, . 
lence of the flow react on the boundary layer? Pro.ibably-- 
to the extent of making the otherwise laminar boundary 
layer turbulent also. If this was the case then the tur- 
bulence oif the boundary layer was the real cause of the 
lower resistance and of the reversal of the total flow, 
and this effect was bound to occur also whenever the 
boundary layers became turbulent for any other reason. 

To produce turbulence a wire ring .1 mm thick v/as 
mounted 15^ in front of -the equator of a 28 cm.-sphere. ' 
According to calculation the boundary layer is 1 • mm thick 
and it was assumed to have "b.eoi made turbulent by-. the vor- 
tices set up on the- ringi The result of the measurement 



6 



II*A.C,A., Technical Memorandum No** &53 



confirmed the expectation. The ring reduced the resist- 
ance from 0.24 to 0.058 ajid 0.09 for the entire velocity ' 
range • . . , 

Prandtl. calls this interesting experiment an "exper- 
imentum crucis,.|' which allegedly proves that the screeai " 
turbulence of. the flow, 'quite like the wire riiig, ni^ilceg 
the boundary layers turbulent and thus lowers the^resi st- ' 
ance.. He'.also opines that the low resistance of sleinder • 
bodies in general, such as airships, were, due to turbu- 
lent boundary layers, .whereas the high resistances of wide 
bodies such as of the transverse plate, were due to "lam- 
inary. boundary •lay.ers, - 

C. . Critical Consid'erations • • 



Resi stance measurements, unfortunately, yield nothing- 
as to the mechanism of the resistance; hence it' is not : 
surpri sing when the pertinent analogical deductions and 
heuristic assumptions- do not stand up under closer exami- 
nation, particularly as regards the last method, by means 
of which Prand'fl believes to be able to explain the rever- 
sal of the resistance law on spheres and, in general, the 
iov/ resistance coefficients on other bodies by turbulence 
in the bou^ndary layer. 

According to Reynolds, the laminar flow through pipes 
is connected with the low resistance in proportion to v, 
the turbulent flow with the high resistance, in proportion 
to v2; so by analogy, the low resistance on the sphere, 
after the reversal, would have to be traceable, if not to 
laminar, at least to mat erially " reduced turbulence. And 
this, in fact, agrees with Prandtl ' s flow for low resist- 
ances which presents a decidedly diminished vortex field 
back of the sphere. • But ' the analogy is not in keeping 
with the assumption that the low resistance is due to in- 
creased friction., and turbulence by virtue of the turbu- 
lence in the boundary layer. It would explain an increase 
but not a decrease in the resistance. 

Besides, the boundary layer is, by nature and con- 
cept, always laminar and nonvortical. Consequently, the. 
term "turbulent boundary layer" is formally " contradictio 
in aijecto," and Is evidently meant to allude to that tur- 
bulent layer which accompanies the bounda.ry layer in the 
ambit of negative pressure in all flows around solid bod- 
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ies wi thout • alt ering their laminary motion. But- these • 
vortices are in nowise restricted to critical R, "but 
rather occur at the very instant of incipient motion on 
the sides of the body, from where they quickly detach and 
soon settle in the space at the rear vacated oy the flow 
where they form the. large eddying "body of the gyroma. 
The very surprising result of the exper imen turn crucis" 
was that the interference ring did reduce the reslsta,nce. 
It also is to "be assumed that the vortices hacl: of the 
-ring "had some -hearing on it by locally, augraenting- the nor- 
mal vortex formation and circulation, hut it does not 
prove that now the whole reversal is a result of the "tur- 
huleiit boundary layer," because the ring consigns posi- ^ 
tive forces into the fluid from its front end. also, which 
alter the entire pressure and. flow system of the spheres,- 
and the reraaining laminary boundary layer hereby is of 
secondary significance. As matters stand, it is impossi-^ 
ble to maintain the hypothesis of turbulent boundary lay- 
ers as suitable basis for explaining the- strange resist- 
ance phenomena. For that reason, we shall investigate 
what mechanism changes the flow of the high resistances 
into the form coordinated to the small coefficients: 

1) On Praridtl's wire ring, 

2) 3y- screen turbulence, and" 

3) In nonvortical flow, 

D, Mechanism of Reversal.'.' 
1 « On wire ring 



The- flow on spheres can be represented by stereo- 
scopic photography under water, but in order to maintain 
the clearness of the field, coarser sight • corpuscle s must 
be Lised so that the very fineness of the motion cannot 
always' be brought out as distinctly as on the surface of 
the water. For that, reason I used immersed circular cyl- 
inders instead of spheres, assuming that ' on .the same pro- 
file, if hot the same, at least similar phenomena would-, 
occur. . . 

Back in 1918 I had made va.rious experiments on a cyl- 
inder on whose side lines I had placed two 1 mm thick 
wires 15^ ahead of the diameter called equator. The pro.- 
file corresponded with "a meridian cut of the Prah.dtl 
sphere with wire ring in effective position. The experi- 
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mentis t erminat-ed' negatively, the wire 'revealed no essen- 
tial change ijl ilo^; tha.t; is;, it acted like the wire ring 
on -th'e -equator- of- the sphere.' Hore about the reason of 
'the -di'f f'eren'cb follows elsewhere. • ' 

^ At the -suggestion of Professor O, Kirell, Berlin, "I ' 
recisntly resuaed the experiments on cylinders of 9 era 
diarae-ter-. • In place of the wires we recessed sma,ll strips 
of 0,8 mm zinc in radial position into the surface of the 
cylinder, so' that they protruded about 2 mm** (See fig, 7.) 

In normal flow arouhd' the' cylinder without strips 
(fig. 7) the vi sible forward' boundary of 'the gyroma ex- 
tended 20-25° beyond the equator, or 15-20° farther than 
on the sphere. At the same point lies, according to 3is- 
ner's tests* for velocities of from v = 40 to 60 cm/s, 
the pressure minimum of roughly -l-,35 of the dynamic pres- 
sure in the 'forward flow separation point. Even the zero 
pressure, the' forward boundary of the negative pressure, 
is at 58° on the cylinder-, or 15° farther ahead than on 
the* sphere." 

Thi s^dif f erence explains" why my experiments witla 
strips 15 ahead- of the equator were just as ineffective 
as the wire ring at 0° on the sphere. 

But if the strips are mounted at about 22,5° of the 
width in the forward acute angle of the gyroma where they 
push the strong retrograde motion on the cylinder wall 
a,nd together with the side flows toward the outside, the 
flow picture (fig. 8) manifests in contrast with Figure 7 
a decided v/idening out of the gyroma whose maximum width 
h3,s shifted to the rear. These are signs of increased 
negative pressure on the rear end of the cylinder and 
thus of the resistance. 

Figure 9 shows a different aspect^ Here the strips 
are shoved forward from without the ambit of the gyroma 
to 45^ width. The flow hugs the cylinder wall to far be- 
hind the equator, and the inward pushing side flows con- 
tract the gyroma which in moments of fluctuation cbjx air 
most lead to complete displacement. 

*F. Eisner; Re si stance. Measurement s around Cylinders. 
Mitteilungcn d. Ver suchsan.stalt f.. Wasserba^u- u. Schiffbau, 
Ho. 4, Berlin, 1929, • 
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To bring out the effect of- .the* strips more forcefur- 
ly., I increased them to 7 " mm'. " How, it' will he seen (fig. 
10) how they catch and dam up • the flow on the front and' 
spill it at much higher velocity over the edges,. The 
strong, curvature at which the" streamlines- now proceed to 
the rear 'suggest s that ■ the stronge-s't centrifugal forces.';' 
of the iYhole" periphery of-* the' cylinder exist at tiai"s 'point 
behind the- strips and that therefore , the negative pres- 
sure in the axis of the adj ac'ent ' vortex and on the wall 
must also pass' through "a minimum. From the slope '6f the", 
side flows toward the median line a.nd*the contraction of 
the gyroma, we then . can * infer- as to the drop, in .negative . 
pressure on the roar end, and reduced resistance. 

Shifting the strips to 67,5° width on the forward pole, 
still manifests a marked diminution of the gyrbma. 

A remarkable verification and extension of the pres- 
ent results is found in the pressure measurements on a' 
sphere', conducted by Professor 0. Krell* in the' tunnel of 
the Berlin Technical -Institute, and 'of which- Figure 11 is 
one exa.mple. These measurements were made at wind veloc- 

• ities ranging from v = 6 to 53»5 m/s. The dashed curve 
is the pressure di stributioh " over- ah* 80 mm smooth sphere, 

'the full line the pressure over th6 " same sphere "but with 
2 ram ringmounted at '43°, similar- to Prandtl ' s wire ring. 

The smooth sphere shows a dynamic or po si tive pressure 
over the forward calotte which drop s'laterally depending 
upon the proportion of the radial ordinates, and oversteps 
the zero limit at 45°. The whole other surface is under 
negative pressure or suction. The asyniaetry of the curve 
illustrates the pronounced variations of ' the pressure 
which go hand in hand with those of the flow. 

The effect of the ring is astonishing. Where else- 
where the pressure approaches zero, in front of the ring 
is a pressure rise which even exceeds half the dynamic 
pressure in the forward pole-. Directly behind is the s^ad- 
den drop to negative pressure of ■ like amount. This abso- 
lute minimum experiences between 50 and 50° from the pole 
a replenishing up to one-half te one-third its amount mcre- 



♦O.^Krell: Pressure Distribution around Spheres. ^eit-.. 
schrif t fur Flugtechnik und Uotorluftschif f ahr:t., • Munchen,. 
1931, p. 97. 
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ly. to- drop to a- second equatorial minimum. At the back 
of the.-sphere the ring, has lowered the suction from one- 
fourth /to one-half of that on the. smooth ^ sphere . 

Prof.esspr Krell explains, the drop of the suction 
curve at around 60^ from the pole and the further rela- 
■tionship between pressure and. flow as follows: "The air 
stream spills over the interference ring as over a weir, 
strjLkes the sphere at a tangent of about 60^, rebounds " 
and shoot s. on with^its kinetic energy to. form a new suc- 
tion maximum at 90 . Under the action of- this suction 
the) , flow is pulled toward the surface of the sphere and 
hems in the dead water spatially as v/ell -.as in suction 
effect, thus reducing the air resistance of the sphere 

The relations between' pressure . di stribut ion :and r e- ' 
sista^nce are particularly illuminating, Krell points 
out how the effect of tli^B .ring resulted in forward dis- 
placement of the. center of gravity of the negative pros- - 
sure field and how the pressure minima back of the -ring 
produced. an extraordinary increase over the front hemi- 
sphere and a decrease over the rear. How the .resistance 
is the vector sum of the compo3ients of the pressure forces 
in the ..dir ecticn of the progressing motion. The sucti'on- 
forces over., the rear half act positive in the sense of the 
resistance, as. the dynamic forces over the front half; 
they are in forward direction over the side area of the 
front half, hence reduce the resistance. The remarkable 
result .of the- integration was .that the forward directed 
suction forces were much greater .than the total, resistance 
of the rear half. 

Professor Erell concludes his report with the deri- . 
vation of the. flow reversal from the pressure variations 
on the ring as shown in the smoke pictures of Prandtl and 
in a number -of my own streamline photographs,. 



2,-. Effect of screen turbulence on 
the flow around a- cylinder 

•The primary object now is to ascertain whether and 
to what extent the theory of the turbulent boundar;^ layer 
holds true in the other case, whore the reversal on plain, 
smooth .sph'eros or cylinders is caused by the t-arbulence* 
of tho straightonor or any other screen and shifted to, 
slower velocities and Reynolds Numbers. ' " 
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The screen turbulence prevalent in a flow cannot 
change the lamihary struc tui-e^ o*f • the boundary layer, but 
if it has any effect" on' the- norinal vortex formation it 
results in either an enlargement or a. diminution of the • 
vortices, depending on whether the effect emanates from 
turbulence vortices- havihg^^thev same or inver'se sense; of 
rotation as the vortices on^the body.- • • 

To check the* behavior, "we m'ade .a series of tests in " 
which a 1 cm wide bar was mounted 2 cm ahead of the cen- 
ter of the cylinder. The small bar manifests two rows, of 
vortices, rolling to the right and .left over the surface 
of the cylinder" and having the same sense of rotatiojn as 
the normal vortices engendered here, 

•■• The result of these tests was negative.. The .instan- 
taneous photographs of both series showed wholly similar 
flows and irregularities in streamlines as. variations in . 
the gyroma formation, and failed -to reveal any tendency ■ 
toward increase or decrease in: the normal vortices on the 
cylinder. The theoretica;l assumption that the action of 
the screen turbulence is toward vorticity and greater 
friction of the boundary layer-Is, t.her.ef or e , not substan 
tiated by the^se tests, • ' ; v'^ 

However-, = the ob j ecti on .might bevraised that a differ 
ent result was hardly to be 'expected because in. .the wind 
tunnel measurements the reversal of the flow, through 
screen ■ turbulence ,' did not occuruntil at much higher. v-e-r 
locities than used in the photographic experiments* 

As a matter, of fact; at these velocities even a com- 
plete screen of parallel metal plates ( straight ener) or 
binding string failed to bring on the reversal of flow on 
the cylinder. On the other hand, the wind tunnel measure 
ments likewise revealed that the reversal is speeded up 
as the screen turbulence becomes more intense. Conse- 
quently, it was legitimate to assume that the same result 
would occur even at slow photographic velocities when em- 
ploying the bar'screen instead of the plate screen with 
its much inferior turbulence. 

Such a bar screen consisted of thin pieces of wood, 
1 cm wide, and spaced 1 cm apart. It was twice as wide 
as the cylinder and was mounted 2 cm distant, so that in 
one test. series a bar, in the other a gap, forces the 
center of the cylinder. The turbulence vortices next to 
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the surface of the cylinder had, in the fii*st test*, seri es , 
the same sense of rotation as the vortices on the cj^lin- 
der; in the second series, the opposite sense. 

The result was clear and definite, .All photographs 
exhibited the complete reversal. (Figs. 1? and 13.) The 
latere.l flows envelop the cylinder in an unsettled raanner 
far "beyond the equator and strikingly contract the area 
of the gyroraas which never exceed the width, of the cylin- 
der. Their shape is fairly tapered, their -length varies 
and at times is not greater than the diame.tor of tlie cyl- 
inder. In one case the space of the gyroma was filled up 
by a one-sided transverse flow leaving only traces of sta- 
tionary vortices. "The experiments prove 'that on the cyl- 
inder as on the sphere, the po si t ion. ,of . the critical Rey- 
nolds Ntimbers and the flow' reversal depend ^ipon the degree 
of screen turbulence contained within, the flow and that, 
given sufficiently strong turbulence, the form of flow 
conjuga,ted to the small resi.stance coefficients exists 
from the beginning even at very' small velocities. 

It follows herefrom, that it was no fault of the ve- 
locities when the reversal failed to materialize either 
with one or two bars. The turbulence vortices passing 
over the surface of the cylinder were of the samo ..type 
and intensity as in the tost series with complete bar 
screen. If they wore contingent upon the "turbulence of 
boundary layer," the latter would have had to become tur- 
bulent in all these cases in the same way, and reversal 
would have had to occur aft of the separate bars as well. 
Tho reversal here is not attributable to greater friction 
through vorticity in the boundary layer, as Prandtl postu- 
lates, but to a direct action of .the turbulence of the 
complete screen enveloping tho whole field of tho inertia 
forces • 

An illuminating insight into tho finer structure of 
tho flow and the correlations of this mechanisin is a.ifo"rd- 
od by tho fields (of force) (of the stationary camera) » . 
Thoy illustrate tho motions set up in tho quiescent fluid 
by tho conveyance of tho solid body. 

The normal field of force of a cylinder in parallel 
unlimited flow agrees in its front half fairly closely 
with the known absolute streamlines of the theory. The 
lines radiate divergently forward and in well-shaped, uni- 
form curves'^ turn sidewiso and rearward. 
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In the field of . tli^' Tjar- Screen (f ig. **2) " the row of' 
whito rectangles denotes the path traversed by the .screen 
bars during the exposure (l/5 second) i The maze-like 
turbulent .flow with its ramifications is directed toward 
the rear of the bars and' embraces the engendered vortex 
streets, which become more and more distorted and uijdis- 
cernable the more- "they participate in the forward motion. 
As previously stated,. this motion denotes the velocity 
losses which the corresponding streamline motion (fig.* 3) 
sustains because of the friction and vortex formation on 
the cylinder, 

Pield of force of cylinder in the ambit of the screen 
(fig. 14); In the combined field the total flow' appears 
as a circulatory motion emanating from, the face of the 
screen, e scaping >to the • sides and rear, then with branches 
between, the vortices advancing inward, gradually passing 
into the inflow whioh extends as far as the screen ba,rs * 
and attaining their full velocity in them. 

With this circulation around the- screen, the linos 
of force discharging from the cylinder are so interwoven 
that the regular shapes of tho absolute streamlines are 
no longer recognizable. Because of the proximity of the 
screen, they diverge- sharply to the side quite close to 
their source, advance in bun*che s*' in the • direct ion of the 
vortex streets- and into • the- spa'c^s back of the individual 
bars, and pass, in thi s'-' way 'into ' the general cyclic flow,* 
The displacement ox " the fluid in front of the cylinder is 
therefore , .essentially different from tho normal flow, by 
predominantly outward directed transverse forces without 
contemporary acceleration to the rear; and similar inward 
directed forces act on the filling of tho space back of 
the cylinder. 

The effect of the field of force on the fluid masses 
passing through it is portrayed in the streamline jjhoto- 
graphs. The repellent transverse forces, set up a iaarked 
sinking in the water level extending fair forward, and of 
the pressure on the sides of the cylinder, whereas the 
bunched lines of force pushing in from the sides increase 
the pressure behind the cylinder and in that way keep tho 



^Likewise, in cases where the cylinder is mounted far be- 
hind a plate screen ( st r aightener ) , the bunched forward 
deflection of th6 lines of force - instead pf rearward - 
and their advance in the direction of the vortex streets, 
has a very peculiar aspect. 
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vor t ex format ion* -of the' gyroiaa within moderate limits. 

The -effect' of a har screen' de'scrihed here differs 
from- that of • a straightener or a "binding twine screen on- 
ly quantitatively- al^ according to the resistance 
measurement s, screens of this type can produce the same - 
effect when their turbulence * reache s the ■ same intensity ' 
as on the bar screen by sufficient increase in flow veloc- 
ity, = > • • . • . . ■. : 

3, Reversal of Resistance Law in Nonvortical Flow 

Accordlnglyj it might appear as if the reversalof 
the resistance law observed in the wind ' tunnel s- was not 
generally attributable to the" effect of the' screen turbu-- 
lence of the universally used straightener'6 / and could not 
therefore occur in ' a nonvortical flow. 3\it this surmise 
is erroneous. Captain &• Gostahzi* measured the resist- 
ance of spheres by moving them through the calm water of 
a large t e st- channel . On one sphere of 100 mm diameter 
the resistance curve revealed the transition from a high- 
er to a lower coefficient at a mean speed of 3 m/s, whi-ch 
is equivalent to a wind velocity of v - 42 m/s and a- 
critical Reynolds Number which a^ppears' -to^ accord wi th the 
Got tingen" measurement s, without wire ring and thread 
screen* This proves the occurrence of reversal in a. homo- 
geneous fidw eveii if^ithout screen turbulence", and the re- 
lease with turbulence or ring at low- velocities and Rey- 
nolds Numbers. Now that Prandtl^s theory is untenable, • 
the' question as to. the real-, always effective- cause of 
the reversal remains an unsolved riddle, which has not 
been touched in the preceding investigations. In connec- 
tion with the resistance measurements it was. noted at the 
range of the critical and supercritical Reynolds Numbers - 
the small resistance coefficients - that the spheres 
were exposed to very violent lateral pressure variations. 
The manometric pressure readings yielded the strongly 
forward enlarged negative pressure lobes alternating on 
both sides. In consequence thereof, the circulations 
must have been impressed by very strong, oscillatory 
fluctuations. 

' Now, flows of this kind can be observed at moderate 
speeds on. thin cylinder s in wat er.. Theii; .development is 



>G*. Costanzl: Experiments in Hydrodynamics. Rendiconti del 
stabilimento aeronautiche del genio,. Rome, 1912. p. 149. 
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as follows: Drsregarding the first stages of the incip- 
ient motion the flow is alw8.ys symmetrical, This- is seen 
in the uneven- structure and size of the two halves of the 
gyroma. After the escape of the first vortex dotihlet, 
the other waliei. eddies follow ohliquely in suecessio.ir, he- 
cause the • contraction occurs always on the gi^eat er half* • 
of the. gyroma, A. part of this half remains temporarily^ 
on the rear end of the cylinder' and forms the nucleus of * 
the succeeding vortex. But since the numher of the .vor- 
tices increases with the velocity, the sepa.r at ions .occur • 
more rapidly until at last -one side of the gyr o ma .':i^s lilt- 
ed' off from the ' cylinder , whereas the other side •. spreads 
out over the rear end of the cylinder and at the same time 
advances on the side surface. In the meantime the v.ortex 
formation is almost completely suppressed on the opposite 
side, the stagnation point has perceptibly shifted. toward 
this side, more and more fluid continues to • spill .over . •• 
the side of the cylinder on which the vortex- formati.on-.i s 
strongest and the negative pressure therefore lowest, 
while higher pressure momentarily suppresses orrestricts 
the vortex formation- on the opposite * side. ' ■ > 

A- fully developed flow' is shown in Figure- 15, It is 
the field of force of a cylind'er 0f22mm diameter "moving 
at V = 97;4 cm/s through calm water', copied from the 
photograph of a test series rnade at Adlershof, hut for "a 
different purpose. On account of • the.- superpo sed * transla- 
tion there is a'zigsag flow (instead- of vortex rows) which 
is the oond here of the motion pushing forward "between the 
vortices. As to the vortex formation, we note only a vor- 
tex adher irig'tb* the cylinder- on the -left side*; 

In the field of force this votiex appears far ad- 
vanced in development* and consi sting of .numerous small 
vortices ' coiled up in= the developed vortex. On the right 
side the vortex forma.tion is temporarily interrupted. 
There the lines of * force swinging' in from the front meet 
the stronger linesfrom the opposite side and" .together ■ ' 
form on'- the side of the- cylinder an interference and* a 
pressure which is opposite to the lowest negative pressure 
on the vortex source of the left side. 

■ ••■The developisd vortices of the two row.s. stand united 
on- the outside by flow bridges and ' on • the:/ihsid*6.-evince • 
common forward zigzag flow. 

The speed -v t^ogethe'r with* the spacing of the. f loi? 
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bridges, and the scale of the picture reveal that 11. dou- 
hleVs per^^ second, have been produced on the cyli^nder", and- 
that .is also the nuniber- of pressure- vibrations. 

• The/water temperature in the test Ttas 17^,5^0, -the'*-, 
estimated^ kinematic viscosity *v = D^Oiy ' so;-/f or ' v- 100 

cm .'/.'and '/d , = :.2«S^ cm . the; Reynolds .Humber was .^X."^ • 

22^000. * 'At' • V *=" 0.14 viscosity "of tnd- air the same Sey- ' 
noi'ds Number, is obtained in the experiment in^air by 14- 
fold velocity v = 14 m/s, or, in other words, the same, 
flow prevails in "the same cylinder,'* according to the- law 
of similitude, but with the difference •tha.t .the vortex- 
sequence a:nd the number of pressure vibrations, propo.r-. 
tionaily to -the velocity have increased- from 11. ^to 11 X. 
14 = 154 per second. The pressure vibrations on cylinders 
of different diameter are then easily determined for the 
same -Reynolds. Number . : . 



'Unfortunately, the Adler shof' test program conta.ins 
only a.few photographs for .'v = 1.50- m/s, which do.not .:show 
essential differences against v = 100 cm/s in the flow, 
I am,^ therefore, unable to give any more* details on the 
flow "at -different Reynolds Numb'ers nor on the- ddvelopment 
of -tHe phenomena from the ani tially symmetrica.! form of .. 
flow; Neither am I in a position to repeat, anci. extend the 
experiment s 'Which might reveal a ^pref erable basls^ f or - 
checking the' similitude law, with my: limited te st- equip-^ ; 

• There can* be no doubt 'that thi's particLila.r form, of . 
flow is in fact a. problem of isupercritical at ti tude of mo- 
tion because it is only through it that the strong later- 
al pressure vibrations which- are assigned, to this atti- 
tude and to the- small resi stance* coefficient s- can occur., 

But then the critical question arises.: To. what cause 
is the transition of the symmetrical' flow and. pressure. 
distribution into i t s ©symmetri cal , oscillatory form to be 
attributed? 

The answer to this is: The arrangement- of the* vor- 
tices in the double row behind the cylinder corresponds 
to that of a "vortex street" whi ch , according • to ICarman ' s 
experiments, is stable when the ratio of . the di stance ox 
both rows to the distance of two vortices of one row = 
0.283. This is plainly the case here. The sta^blo arrange- 
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.menf: first "develops, under the vortices left .in the' dead 
spac-e -.by the . cylinder , then advances wi th increasing ve- 
locity toward: .the cylinder and. f in.a.lly pre.dominat,es the 
whole field .env.eloping the- cy.ri^der ^ 

* .Consequently, the cause of the reversal lies in the 
fact that the fairly symmetrical cir culatiqn . anxL vortex. 

f ormation on the cylinder "becomes unste/ple at- .the critical 
velocities and changes into the stable hut asymmetrical 
form of :flow of .the vortex, street. The: one-.sided vortex 
..formation, still remaining, makes the .marked .decrease 
in resistance f orthwith ^comprehens.lhle* 

Any turbulence ,'.pai^ticularly of screen s : and straight- 
eners, as well as the. strips on the cylinder in our tests 
.or the wire ring on the sphere, endanger s . the . continuance 
of the . initially symmetrical flow, makes it unstable a.nd 
thus permits the transition, into the stable^ asymmetrical 
form even at slower velocities than in homogeneous flow . 

• Inasmuch as the stability of the vortices is formed 
in the dead space behind the cylinder, it plainly is 

• founded on the .equilibrium of pure .forces of inertia which 
arc bound up with, the . orbital motion of the vortices ♦a.nd 
thus proportional to u^ir, where u = peripheral yeloc- 
ity'and r = radius of vertex. • Then since u is propor- 
tional to velocity v of the flow and r" is proportion- 
al to diameter • d- of the cyl inder , . the se force s . on cyl-^ 
inders of different diameters must have the same ratio of 
v^rd, if similitude is to prevail. That is,' in other 
words, the Froude law of .similitude. ..The legitimacy of 
this" conclusion awaits- experimental proof, which I am, un- 
fortunately ,. not in position to supply. On the other* 
hand, experience teaches that the regular arr cingement of 
the vortex street on thin cylinders or ;ia.rrow bodies oc- 
curs" at very- much slower velocities than on wide bodios, 
whereas the opposite should be expected according to the 
Reynolds law. But this,' evidently, cannot prevent the 
fact that the full reversal of. the flow and of the re- 
sistance nevertheless follows the latter law, 

, The oscillatory vortex fo.rmat.i.pn on the sphere in 
uniform flow is dif.fi cult to. visualize ^"otn^^^ the 
point of origin rotates to right ' and lei t' arouind the 
sphere and the produced endless vortex, wo\ind- tightly ' in 
. a spiral , i s . lef t .^behind the sphere like a ' single-thread 
screw. ' In longitudinal section then appears the well- 
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known picture of the. vortex street. In this fictitiovis 
system the revolution speed of the spiral, at. .large^.:R in. 
the air would- become so great and the. perio.d' of thi? lat- 
eral" pressure variations so short as to fail to show up 
in manometric pressure, readings and hardly discernible 
alongside the mean values* . Besides, it was assumed in 
this' consideration, that the sphere remained perfectly sta- 
tionary in the flow: and that the holders, necessary to ac- 
•bom-oii'sh this> do.nat di sturb- the flow . " ' 

These conditions ar.e,.. unhappily,., never encountered 
in a real flow. ./ And so it leads in the not p.erfectly uni- 
form flow to the violent, irregular pressure variations, 
which Prandtl attributes to the tongue- shaped motions of 
the separation- line , or toKrell's sudden reversal of the 
pressure extremes in.his measurements. Here the strongest 
pressure differences remained steady above and below, then 
suddenly and in wholly irregular periods, reversed thoir 
positions. In this arrangement the flow at times was in 
equilibrium, . sometimes for such a protracted period that 
"the wait for the reversal had to be given up for lack of 
time." In my opinion the cause lies. with the inevitable 
variations in the air stream, which was not exactly sym- 
metrical and had a 4,5^ upward slope, even when the sphere 
Was set at the same angle. 3e sid.es ,. the G mm, pipe through 
the center of the sphere used as manometer lea^d may have 
helped to bring on the phenomena. The irregular varia- 
tions in; flow' and pressure on the sphere must, obviously, 
prevail upon- the form and set-up of the vortices in the 
dead water. 

As on circular cylinder and sphere, so also on bod- 
ies with elliptic profiles, the augmented vortex forma,- 
tion can approach at- critical velocities the forward lim- 
it of the negative pressure field and thus alter the en- 
tire pressure distribution and resistance coefficient. 
On bodies such as airships or plates in longitudinal posi- 
tion, the vortices always begin to form. in front at the 
zero limit of the pressure. But the . resi stance of .air- 
ships as of vessels, is materially affected'by thd body 
shape, which also 'defines the form of the total field 
of force. Lines of force discharging forward and return- 
ing rearward on a ship set up the bow and stern wave. The 
stern wave balances the resistance of. the dynamic pres- 
sure to the extent of increasing the forward directed 
pressure on the stern, and this effect is so much smaller 
as the stern wave is farther behind the ship. The speed 
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of such ships can "be increased by lengthening the hull* 

The high resistance on the transverse plate is not 
due to the laminar boimdary layer, out rather to the 
fact that the linos of forco do not converge with the 
stern wave until aft of the gyroma, and the rear end, 
reached by the suction only, is deeply imbedded in the 
negative pressure. But even on tlio sphere and on the cyl- 
inder the transition of the resistance to lower coeffi- 
cients is closely boimd up with the proximity of the re- 
turning lines of force at the rear end of the body. 



Summary 



The nature of txxrbulont flow through pipes and around 
obstacles is analyzed and illustrated by photographs of 
turbulence on screens and straight oner s. It is shown that 
the reversal of flow and of the resistance law on spheres 
is not explainable by Prandtl's turbulence in the boundary 
laj'-er. The investigation of the a,nalogous phenomena on 
the cylinder yields a reversal of the total field of flow. 
The very pronounced changes in pressure distribution con- 
nected with it were affirmed by nanomotric measurements 
on spheres by Professor 0« Krell. (The rover sr.l in a homo- 
geneous nonvortlcal flow is brought aboxit. by the advance 
of the stable arrangement of Karman * s dead a,ir vortices 
toward the test object and by the substitvLtion of an al- 
ternatingly one-sided or rotating but stable vortex for- 
mation in place of the initially symmetrical formation. 
This also explains the marked variations of the models. 



Translation by J. Vanier, 
National Advisory Committee 
for Aerona,utics. 
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Pigs. 1,2,3,4,5,7 







«>*' 


1 't 

1 


;i 


• 


! 




i 










Pig.l Field of force of 

a plate screen. 
The surface of the plates 
is covered with fine 
vortex layers, which some 
distance "behind the model, 
develop into leirger 
vortices of the vortex 
streets. 



Pig* 2 Field of force 

of a narrow 
bar screen. 



Fig. 3 Field of flow 

of a narrow 
"bar screen. 




Fig. 4 Field of force 
of a wide "bar 

screen. 



Fig. 5 Effect of plate 

screen on the 
flow of Fig. 4 



Pig. 7 Normal field of 
cylinder. 



flow of a smooth 
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Figs. 6,11,15 
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rig. 6 Flow round a sphere according to Prandtl. 

A at large, B at small resistance coefficients. 
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Fig. 11 Pressure distriTmtien on 
sphere with interference 
ring at V = 12 m/sec. according to 
Krell, The dotted curve is the pres- 
sure distrihution on the smooth 
sphere without ring» 



Pig. Id Oscillatory vortsx 

f creation in the 
field of force of a c^'linder 
for honogencras flov7. Copy of 
an under-water photograph. 
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Jigs. 8,9,10,12,13.14 





Pig. 8 Circulation 

around a cylin- 
der with strips 22^ 
radians ahecui of 
equator. 



Fig. 9 Circulation 
around cyl- 
inder with 3 mm 
strips at 45^ ahead 
of the equator. 





Pig, 10 Plow as in 

Pig. 9, "but 
with 7 mm strips, 
the gyroma is seen 
to extend to the 
strips. 



Pig.l2 Pield of flow 

of cylinder "be- 
hind bar screen, one har 
in center. The gyroma 
is materially smaller 
(compare Pig. 7.) 



Pig. 13 Plow as in 
Pig,ll,'bat 
with gap in front 
of center. 



Pig. 14 Pield of force of 
a cylinder in the 
field of a "bar screen. 



